A ridged horn antenna with metallic grid sidewalls is proposed and quantitatively analyzed. Simulated and measured results indicate that the operating band is from 1.0 to 20.0 GHz with the reflection coefficient less than −10 dB, and the relative bandwidth is as high as 180.95%. The gains are greater than 10 dBi in the frequency band of 2.6-20 GHz and greater than 16 dBi in the frequency band of 10-20 GHz with the gains fluctuation less than 1 dB. In the whole operating band, the radiation patterns radiate directionally along the normal direction of the horn aperture and do not split. In this paper, the ridged horn antenna with metallic girds is analyzed quantitatively. A modified equivalent traveling wave current model of the ridged horn antenna is proposed, which matches better to the patterns of the ridged horn antenna in high frequency band. The working mechanism of metallic grid sidewalls is also analyzed quantitatively, and the reason that metal strips can improve the matching performance of ridged horn antenna in low frequency band, restrain the patterns splitting in high frequency band, and improve the antenna gains is explained. The proposed antenna has the characteristics of ultrawideband, stable gains, miniaturization, and directional radiation patterns with no splitting main lobe in ultra-wideband. The proposed ridged horn antenna can be used for the measurement in a microwave anechoic chamber.
INTRODUCTION
Ridged horn antenna is a directional radiation antenna with ultra-wideband (UWB) characteristics. Once proposed, it has attracted wide attention of researchers [1] [2] [3] [4] . There are various forms of the ridged antenna in recent years [5] [6] [7] . Ridged TEM horn antenna is a typical example, which combines the two factors of wideband: ridge and TEM horn. In addition, the relative bandwidth can achieve 20 : 1 or more.
At present, the main problems of UWB ridged horn antenna are poor matching characteristics in low frequency band, splitting of patterns, and abrupt drop of gains in high frequency band. In view of these problems, the main methods adopted at present are improving the feed structure, such as loading wedge blocks [8, 9] proposed by Botello-Perez et al. and Abbas-Azimi et al. and adding some reflective structures [10] proposed by Rodriguez; improving the ridge structure, such as loading slot on the ridges and gradual widening structure of ridges [11] ; removing the sidewalls of the horn [12, 13] , loading metal strips [14] ; loading lens [15] . Previous researchers mainly focused on the structure design of ridged antenna, but less on the working mechanism of antenna. Working mechanism was mentioned in [16] [17] [18] , but with only qualitative analysis. In [14, [19] [20] [21] , the design scheme of adding metallic strips to the sidewalls of the horn is proposed; however, there is no quantitative analysis of the working mechanism for the metal strips.
In this paper, a ridged horn antenna with metallic grid sidewalls is designed and fabricated, and its working mechanism is analyzed quantitatively. Modeling and simulation of antennas are carried out in CST Microwave Studio software. Firstly, the TEM ridged horn antenna is designed. A modified equivalent traveling wave current model is proposed on basis of the previous paper [22] presented by the authors' team. The modified traveling wave current model reduces the error between the straight line and the exponential ridge curve. The radiation characteristics of the antenna are explained based on the modified model. Secondly, in order to effectively improve the matching characteristics in low frequency band and suppress splitting of radiation patterns in high frequency band of the TEM ridged horn antenna, several pairs of metal strips are added to the horn sidewalls. The working mechanism of metal strips is analyzed quantitatively. The reason that the matching performance of antenna is improved in low frequency band is explained from the angle of capacitance inductance resonance; the reason that metal strips restrain the splitting of patterns and improve antenna gains is explained from the angle of compensating radiation of dipole array. The simulation results are in good agreement with the calculation ones, which proves the correctness of the proposed model. Design of antenna structure and simulation results are depicted in Section 2; quantitative analysis of working mechanism based on equivalent models is presented in Section 3; prototype of the antenna and test results are displayed in Section 4, while the conclusions are provided in Section 5. Figure 1 , the TEM ridged horn antenna is designed by combining the two broadband factors: ridge and TEM horn. The design of the antenna is divided into three parts: parallel coaxial feeding part, the transition part between the feeding coaxial line and the ridged horn, and the ridged horn part. The UWB characteristics of the designed antenna are realized by using ridged waveguide and exponential ridge structure. The diagram of ridge curve is shown in Figure 2 . The formula of the ridge curve is: y = 0.5e 0.022z + 0.002z + 0.1, unit: mm. The overall size of the antenna is: 240 mm × 140 mm × 94.6 mm.
DESIGN OF ANTENNA STRUCTURE AND SIMULATION RESULTS

As shown in
The reflection coefficients of the TEM ridged horn antenna are shown in Figure 3 . It can be seen that the reflection coefficients of the antenna are less than −10 dB in the frequency band of 1.7 GHz-20 GHz. The reflection coefficients exhibit a state of oscillation in the frequency range of 1-1.7 GHz. Figure 4 shows patterns of the ridged TEM horn antenna. The patterns here are drawn by the linear value of the electric field intensity. It should be noticed that H-plane patterns of the ridged horn antenna split obviously in high frequency band.
The simulation results demonstrate that the reflection coefficients of the TEM horn antenna oscillate obviously in the frequency range of 1-1.7 GHz, and the H-plane patterns split in high frequency band. To solve the above problems, it is necessary to improve the TEM ridged horn antenna. The TEM ridged horn antenna is linearly polarized (along the Y direction), and there is capacitance between the upper and lower walls of the TEM horn. In order to widen the bandwidth of antenna in low frequency band and restrain the splitting of patterns in high frequency band, several pairs of metal strips with the same polarization direction as the antenna's are introduced into the sidewalls of the TEM horn, which can provide compensating radiation for antenna and restrain the splitting of main lobe. At the same time, the metal strip can be regarded as an inductance structure, which can expand the bandwidth of the antenna by resonating with the capacitance structure on the sidewalls of TEM horn in low frequency band. Therefore, a ridged horn antenna with metallic grid sidewalls is proposed as shown in Figure 5 . Figure 6 illustrates the comparison results of the reflection coefficients between antenna-1 (without metallic grid sidewalls) and antenna-2 (with metallic grid sidewalls). Due to the introduction of metal strips, the oscillation of reflection coefficients in low frequency band disappears, and the −10 dB impedance bandwidth of antenna-2 is 1.0-20.0 GHz. The introduction of metal strips obviously improves the matching characteristics in low frequency band thus widening the bandwidth of the horn antenna. Figure 7 illustrates the comparison of the electric field patterns (linear) between antenna-1 and antenna-2. It can be seen that the splitting of patterns in high frequency band is well suppressed due to the compensation radiation of the metal strips on the sidewalls of the horn. Figure 8 shows the comparison results of gains between antenna-1 and antenna-2. It can be seen that due to the introduction of metal strips, the overall gains of antenna-2 are improved compared with those of antenna-1.
QUANTITATIVE ANALYSIS OF WORKING MECHANISM BASED ON EQUIVALENT MODELS
Proposal of a Modified Equivalent Traveling Wave Current Model and the Calculation of 3-D Pattern
The equivalent traveling wave current model of ridged horn antenna is proposed in the previous paper [22] presented by the authors' team. The reason of directional radiation of ridged horn antenna in broadband is explained preliminarily. The model is simple and easy to understand. However, only the E-plane and H-plane expressions of the equivalent traveling wave current model are calculated in [22] , Modified traveling wave current model in this paper (model-2). and the 3-D expressions of patterns are not given. Moreover, the matching effect between patterns calculated by equivalent traveling wave current model in [22] and patterns simulated in CST becomes worse in the high frequency band. Therefore, in view of the problems of the model in paper [22] and considering the difference between the exponential ridge curve and the straight line, a modified equivalent traveling wave current model is proposed. And the 3-D expressions of radiation patterns are calculated by using the mathematical method of geometry based on the modified model.
As shown in Figure 9 , model-1 is the equivalent traveling wave current model proposed in the previous paper [22] , and model-2 is the modified equivalent traveling wave current model proposed in this paper. The angle relationship in the graph is α 1 < α 2 < α 3 , α = α 2 . The improved model-2 is closer to the exponential curve of ridges. z is a point on the curve, and its projection on the z-axis covers the range from 0 mm to 235 mm. The equation of the traveling wave current is:
where I 0 is the amplitude of the current, and ζ is slow wave coefficient [22] .
In order to calculate the 3-D patterns of the equivalent traveling wave current model, as shown in Figure 10 , suppose that ON is a traveling wave current line; N point is in the first or second quadrant of yoz plane; the angle between ON and +z-axis is α; M is the observation point in space; the angle between OM and +z-axis is θ; the angle between OM and ON is Θ; M point is the projection of M point on xoy plane. The angle between OM and +x-axis is ϕ. When N point is in the first quadrant of yoz plane, it can be calculated: When N point is in the second quadrant of yoz plane, it can be calculated:
The radiation patterns' function of the traveling wave current line placed along the z-axis is:
Then the function of the pattern formed by the traveling wave current line with an angle of 2α (model-1) is:
For model-2, the expression of the 3-D pattern is:
where b i is the average value of current amplitude on the corresponding part of model-2, that is, the average value of current amplitude is extracted from the ridges in CST software; cos Θ i = cos α i+1 , which proves that model-2 has better matching effect on antenna pattern than model-1, although its calculation is relatively complex. The calculation method of correlation coefficients is found in formula (6) .
where Cov(X, Y ) is the covariance of X and Y , Var[X] the variance of X, and Var[Y ] the variance of Y . X is the matrix A mn (θ, ϕ) corresponding to the normalized field strength of the 3-D pattern calculated 
Analysis of the Metallic Grip Sidewalls
Improvement of Matching Characteristics in Low Frequency Band
From the comparison of reflection coefficients given in Figure 6 , it can be seen that the reflection coefficients of antenna-1 and antenna-2 are similar in high frequency band, but the matching performance of antenna-2 in low frequency band is better than those of antenna-1. Due to the introduction of metal strips, the minimum operating frequency is reduced from 1.7 GHz to 1 GHz. This phenomenon can be explained from the angle of resonance. Figure 12 shows the evolution process of equivalent circuit diagram. When there are no metallic grid sidewalls, there is capacitance between the upper and lower sides of TEM ridged horn, and the capacitance per unit area is equivalent to:
The introduction of metallic grid sidewalls is equivalent to the introduction of inductance between the upper and lower sides of the horn, and the inductance per unit length is equal to: The resonant frequency can be calculated by formula (9):
where d is the average length of the metal strips, and S is the projection area of the upper and lower metal plates of the horn on the xoz plane. The calculated resonant frequency is 1.20 GHz, which is close to f 0 (1.29 GHz) in Figure 6 . The calculated result proves that the resonance of capacitance and inductance in low frequency band widens the operating bandwidth of the ridged horn antenna.
The classical inductance calculation method [23] is used to optimize the inductance at the feeding cavity, which improves the matching performance of the antenna. In this paper, the method is extended to the energy transmission part of the horn, that is, the metal strips on the sidewalls of the horn. The calculation and simulation results show that the method has a wide application range. Figure 7 shows the comparison of patterns between antenna-1 (without metallic grid sidewalls) and antenna-2 (with metallic grid sidewalls). Due to the compensation radiation of the metal strips on the sidewalls of the horn, the splitting of patterns in high frequency band is well suppressed in antenna-2.
Suppressing the Splitting of Main Lobe in High Frequency Band
In order to analyze the influence of metal strips on radiation patterns, the following steps are adopted:
Step-1: The typical operating frequency is determined to be 9 GHz.
Step-2: The amplitude and phase distributions of surface current from the metal strips' center are extracted and plotted in Figure 13 .
Step-3: The current phase difference between the longest strip and shortest strip in Figure 13 is calculated, and the result is 1980.0 • .
Step-4: The distance between the center of the longest and shortest strips in Figure 5 is 194 mm.
Step-5: The phase shafting generated by traveling wave in free space at the distance of 194 mm is Step-6: Comparing the phase differences in step 3 and step 5, the ratio of them is 1980.0 • 2095.2 • = 0.945, which is close to 1. Therefore, the metal strips on antenna-2 prove to be traveling wave array.
Secondly, as shown in Figure 14 , the current distribution on each strip of antenna 2 at 9 GHz is extracted. It can be seen that the phase distribution on each strip is approximately uniform, so the current on each metal strip is standing wave distribution, and the metal strips can be regarded as an array of dipoles. Figure 15 shows the schematic diagram of the proposed traveling wave antenna array. The function of 3-D pattern calculated by the traveling wave antenna array is: I i e jξ i f i (θ, ϕ) e jk(i−11)d cos δ (10) where I i is the magnitude of the current at the center of the strip; ξ i is the phase of the current at the center of the strip; f i (θ, ϕ) = cos(kl i cos τ )−cos kl i sin τ
; τ is the angle between the distant observation point and the axis of dipole (cos τ = sin θ sin ϕ); l i is equal to the half of the metal strip's length; δ is the angle between the distant observation point and the axis of dipole array: cos δ = cos β cos θ + sin β sin θ cos ϕ, (i = 1, 2, ..., 10); cos δ = cos β cos θ − sin β sin θ cos ϕ, (i = 11, 12, ..., 20) . Model-3 is the combination of model-2 and traveling wave dipole array. The functions of radiation patterns calculated by model-3 are:
In order to verify the correctness of the proposed traveling wave dipole array, the H-plane patterns (normalized arithmetic value) calculated by model-2 and model-3 and the H-plane patterns (normalized arithmetic value) simulated by antenna-1 and antenna-2 are displayed in Figure 16 . It can be seen that under the compensated radiation of traveling wave dipole array, the splitting of the main lobe of antenna pattern disappears. The correlation coefficients in the range of main lobe calculated by formula (6) It can be seen that the splitting of antenna patterns within the main lobe range has been greatly improved due to the introduction of metal strips. In model-3, an electric dipole array is introduced. Because the electric dipole array produces large radiation in the normal direction of the antenna aperture, the splitting of pattern main beam is greatly improved on one hand, while side lobes are produced in other directions on the other hand. Because the position of the side lobe is far from the normal direction of the antenna aperture, the model-3 proposed in this paper can successfully explain the mechanism that the introduction of metal strips can suppress the splitting of the main beam.
Enhancing Gains
As shown in Figure 8 , the introduction of traveling wave dipole array is equivalent to the introduction of additional radiators, which enhances the gains of antenna when improving the matching characteristics in low frequency band and restraining the pattern splitting in high frequency band. Figure 17 , the antenna is made of aluminum alloy and is measured in an echoic chamber, including reflection coefficients, gains, and radiation patterns. The overall size of the antenna is 240 mm × 140 mm × 94.6 mm. The coaxial line is used for feeding, and the axis of the coaxial line is parallel to the normal direction of the antenna aperture. The reflection coefficients of the antenna are tested by Agilent N5227A vector network analyzer. As shown in Figure 18 , the measured results indicate that the reflection coefficients are less than −10 dB in the frequency range of 1-20 GHz, which are in good agreement with the simulated results. The comparison between simulated and measured results of radiation patterns is displayed in Figure 19 . It can be seen that the measured normalized patterns at typical frequency in the frequency band agree well with the simulated results in the main lobe range. The main lobes of the measured patterns in high frequency are narrower than those of the simulated patterns, but remain convergent and non-splitting.
PROTOTYPE OF THE ANTENNA AND MEASURED RESULTS
As shown in
The comparison of gains between simulation and measurement is shown in Figure 20 . It can be seen that the gains increase gradually with the variation of frequency, and there is no sudden drop of gains in the high frequency band. The test results are in good agreement with the simulation ones. 
CONCLUSION
An ultra-wideband ridged horn antenna with metallic grid sidewalls is designed, analyzed, and fabricated. The operating band is 1.0-20.0 GHz with the reflection coefficients less than −10 dB, and the relative bandwidth is as high as 180.95%. The gains are greater than 10 dBi in the frequency band of 2.6 to 20 GHz and greater than 16 dBi in the frequency range of 10-20 GHz with the gains fluctuation less than 1 dB. In the whole operating band, the radiation patterns radiate directionally along the normal direction of the horn aperture and do not split. Through the analysis of the antenna, the following conclusions can be drawn: (1) The modified multi-segment traveling wave current model-2 is closer to the ridge curve structure of exponential form and has better matching effect on antenna pattern; (2) The metal strips on the sidewalls of the horn are equivalent to the inductance structure. The resonance of the inductance and the capacitance between the upper and lower walls of the TEM horn in low frequency band improves the matching characteristic of the antenna in low frequency band and widens the bandwidth of the ridged horn antenna; (3) The metal strips on the sidewalls of the horn form a traveling wave dipole array, and the compensating radiation of the array restrains the splitting of the antenna pattern in high frequency band; (4) The compensating radiation produced by the metal strips on the sidewalls of the horn enhances the gains of the ridged horn antenna in the whole frequency band.
